The adsorption and diffusion of Li, Na, K and Ca atoms on a Mo 2 C monolayer are systematically investigated by using first principles methods. We found that the considered metal atoms are strongly bound to the Mo 2 C monolayer. However, the adsorption energies of these alkali and earth alkali elements decrease as the coverage increases due to the enhanced repulsion between the metal ions. We predict a significant charge transfer from the ad-atoms to the Mo 2 C monolayer, which indicates clearly the cationic state of the metal atoms. The metallic character of both pristine and doped Mo 2 C ensures a good electronic conduction that is essential for an optimal anode material. Low migration energy barriers are predicted as small as 43 meV for Li, 19 meV for Na and 15 meV for K, which result in the very fast diffusion of these atoms on Mo 2 C. For Mo 2 C, we found a storage capacity larger than 400 mA h g À1 by the inclusion of multilayer adsorption. Mo 2 C expands slightly upon deposition of Li and Na even at high concentrations, which ensures the good cyclic stability of the atomic layer. The calculated average voltage of 0.68 V for Li and 0.30 V for Na ions makes Mo 2 C attractive for low charging voltage applications.
Introduction
Two-dimensional (2D) materials are expected to become key components for not only electronic devices (such as eld effect transistors, 1 p-n junctions 2,3 and so on) but also for energy storage applications including supercapacitors 4 and batteries.
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Rechargeable batteries based on 2D materials with high energy storage density, high rate capacity and good cycling stability have attracted growing interest because of their great potential for use in portable electronic devices and electric vehicles. Therefore, searching for promising anode materials with enhanced gravimetric and volumetric energy densities is a key challenge for rechargeable ion batteries. In spite of its low capacity and weak binding energy of alkali atoms, graphite is extensively used as an anode material due to its low cost, high energy storage and cycling performance. 6, 7 Even though a single layer of graphite, called graphene, has been shown to exhibit much better electrochemical properties in lithium-ion battery applications, [8] [9] [10] other 2D layered materials such as transition metal dichalcogenides, 11, 12 MXenes (with M ¼ Ti, V, Nb, Mo and X ¼ C, N) [13] [14] [15] [16] [17] and black phosphorus [18] [19] [20] have also been widely investigated because of their high energy storage density and high rate capacity.
Large area high quality 2D Mo 2 C has recently been fabricated by using chemical vapour deposition (CVD) . 21 Due to its good electrical conductivity and its 2D structure, Mo 2 C can serve as an anode material for metal-ion batteries. In this respect, we investigate adsorption and diffusion of alkali (Li, Na and K) and earth alkali (Ca) elements on a single layer of Mo 2 C. Among the elements considered in this work, sodium is particularly important, because of its abundance and low cost.
The present paper is organized as follows. We rst present our computational methodology in Section 2. Then, we address the structure and dynamical stability of the Mo 2 C monolayer in Section 3. Our results for adsorption and diffusion of Li, Na, K and C on the monolayer Mo 2 C are given in Section 4. We also discuss the effect of adatom concentration on the stability, capacity and voltage prole of Mo 2 C based ion batteries in Section 5. Finally, we conclude with an overview of our main results in Section 6.
Computational method
We carry out rst-principles calculations in the framework of density functional theory (DFT) as implemented in the Vienna ab-initio simulation package (VASP).
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The generalized gradient approximation (GGA) within the Perdew-Burke-Ernzerhof (PBE) 24 formalism is employed for the exchange-correlation potential. The projector augmented wave (PAW) method 25 is used to take into account the electron-ion interaction. A plane-wave basis set with an energy cutoff of 500 eV is used in the calculations. For geometry optimization the Brillouin-zone integration is performed using a regular G centered 21 Â 21 Â 1 k-mesh for the unit cell of Mo 2 C within the Monkhorst-Pack scheme. 26 The convergence criterion of the self-consistent eld calculations is set to 10 À5 eV for the total energy. To prevent spurious interaction between isolated monolayers, a vacuum spacing of at least 15Å is introduced. By using the conjugate gradient method, atomic positions and lattice constants are optimized until the Hellmann-Feynman forces are less than 0.01 eVÅ À1 and pressure on the supercell is decreased to values less than 1 kbar. Diffusion barriers for alkali and earth alkali atoms are calculated using the climbing-image nudge elastic (CI-NEB) method as implemented in the VASP transition state tools.
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CI-NEB is an efficient method in determining the minimum energy diffusion path between two given positions. For a single atom diffusion on a 4 Â 4 Mo 2 C monolayer, we used 12 images, including initial and nal positions, for CI-NEB calculations. The atomic positions and energy of the images are then relaxed until the largest norm of the force orthogonal to the path is smaller than 0.01 eVÅ À1 . The amount of charge transfer between alkali/earth alkali atom and Mo 2 C is determined by using the Bader charge analysis.
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3 Structure and stability of Mo 2 C
The structure of Mo 2 C can be viewed as bilayer Mo-atomic layers intercalated by a C layer forming an edge-shared Mo 6 C octahedral structure as shown in Fig. 1 . First, we predict the equilibrium lattice properties corresponding to this structure. The lattice constant, a 0 , and Mo-C interatomic distance are determined to be 2.99Å and 2.08Å, respectively. The dynamical stability was investigated from a calculation of the vibrational spectrum of the structure by the help of accurate phonon calculations based on density functional perturbation theory.
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The results clearly prove that free standing Mo 2 C is free of imaginary vibrational frequencies, which otherwise would be a sign of instability, see Fig. 2 . The irreducible representation of the vibrational modes at the G-point is as follows,
The rst three modes, (i.e. 2E u and A 2u ), are acoustic and inherently have zero frequencies at the G point. The other six modes include three Raman-(i.e. 2E g and A 1g ) and three infrared (IR)-active (i.e. 2E u and A 2u ) optical modes with frequencies calculated to be 157, 228, 642, and 657 cm À1 , respectively. Here, a signicant gap between the Raman-and IRactive modes of about 400 cm À1 is quite striking.
Adatom adsorption and diffusion
Next, we examine the performance of this material as an anode material in battery applications. A relatively strong binding energy with metal atoms is a necessary prerequisite in order to be a promising anode material. Therefore, we investigate the binding energy, E bind , of a single metal atom on a Mo 2 C monolayer using the following equation,
where E Mo 2 CM x , E Mo 2 C and E M are the total energies of metalabsorbed Mo 2 C, of the pristine Mo 2 C monolayer and of a metal atom in its most stable bulk structure, respectively. Here, we use a body centered cubic bulk structure for Li, Na and K and a face centered cubic bulk structure for Ca. In accordance with this denition, E bind becomes more negative for a more energetically favorable interaction between the metal atom and Mo 2 C. As depicted in Fig. 1(a) , three possible adsorption sites, namely A, B and C, are considered. The site A is at the center of a hexagon composed of carbon atoms, the cite B is directly above a carbon atom and C cite is directly above a Mo atom. In the calculations, a 4 Â 4 supercell structure is used in order to avoid the interaction between the metal atoms that are bound to the surface. The calculated binding energies reveal that adsorption on site C is energetically less favorable and site A is slightly more stable than cite B for all metal atoms addressed in our study, see Table 1 . Moreover, the calculated E bind values at site A are À0.97 eV for Li, À1.18 eV for Na, À1.54 eV for K and À1.45 eV for Ca, which clearly indicates the stability of the Mo 2 Cmetal complex over segregated phases at 0 K. Therefore, from now on, we restrict ourselves in the following discussions to the adsorption on site A. In order to gain further insight into the adsorption of the metal atoms, we also calculate the vertical distance between the metal atom and the topmost surface Mo layer, i.e. the adatom height (h) that measures the interaction strength of different metal atoms with Mo 2 C. As is shown in Table 1 , h increases as the mass of the metal atom increases in each metal group. For instance, the calculated h value is 2.37Å for Li, and 3.20Å for K. Fig. 3 depicts the variation of the total energy of the Li-Mo 2 C system as a function of h. The change in total energy for the h values larger than 8Å is negligible due to the quite weak interaction between the Li atom and the Mo 2 C layer for these h values. On the other hand, a remarkable total energy difference, $2.5 eV, between the Li-Mo 2 C systems with h ¼ 2.35Å (equilibrium h value of the Li atom) and h ¼ 12Å clearly elucidates the strong interaction between the Li atom and the Mo 2 C layer. As is evident from Fig. 3 , the interaction between the Li ion and the Mo 2 C monolayer is mainly dominated by the Coulomb interaction, and thus the van der Waals contribution can be neglected. Furthermore, Fig. 3 shows that the metal ion does not encounter any energy barrier as it approaches the Mo 2 C layer.
Mo 2 C exhibits metallic behavior with a good electrical conductivity which is a vital factor to decide about the electrochemical performance of an electrode and ensures good cycling stability. On account of this, we investigate the electronic properties of Mo 2 C with and without the adsorbed metal atom. Fig. 4 depicts the total and projected density of states. Since the metal atom concentration is low in these electronic structure calculations (1/16 metal atom per formula unit), the total DOS of the doped Mo 2 C is similar to that of pristine Mo 2 C. As is seen from Table 1 also summarizes the amount of charge transfer from the adsorbed metal atom to Mo 2 C. The Bader charge analysis Table 1 Binding energies for adsorption at sites (see Fig. 1b) A, B and C in eV, the adatom height from the Mo 2 C monolayer for site A (inÅ) and the Bader charge on the metal atoms absorbed at site A reveals that Li and Na atoms donate almost their s electron to Mo 2 C. The Ca atom donates more than one electron to Mo 2 C. The Bader charge values suggest that metal ions are in the cationic state upon deposition on the Mo 2 C monolayer. A low diffusion barrier and high mobility are desired properties for a promising electrode material. In particular, the mobility of a metal atom on an electrode material is a key factor determining the rate performance at which a battery can be charged and discharged. Therefore we investigate the diffusion barriers for Li, Na, K and Ca along two different possible migration paths, namely path 1 and path 2, that are selected between two adjacent lowest energy adsorption sites on the Mo 2 C layer, see the inset of the lower le panel of Fig. 5. Fig. 5 shows the diffusion barriers and optimized pathways for all considered metal atoms. The calculated diffusion barrier for path 1 (path 2) is 43 (93) meV for Li, 19 (49) meV for Na, 15 meV for K and 110 (130) meV for Ca. The small diffusion barriers predicted for Na and K can be partly due to their larger h values (as compared to Li and Ca) and the surface-conned electron layer that effectively smooths the potential on the surface. For the case of Li and Na diffusion along path 1, there are two peaks with almost the same barrier values and there is a local minimum between these two saddle points, corresponding to the adsorption of the Li/Na atom at a metastable site (i.e. site B). Due to its larger atomic size, path 1 and path 2 have similar migration proles for the Ca ion. We nd that the K ion has the smallest migration barrier amongst studied metal atoms. Compared to the Li diffusion barrier of 0.25 eV on MoS 2 , 11 0.22 eV on VS 2 , 11 0.068 eV on Ti 2 C 3 , 15 0.33 eV on graphene, 33 and 0.084 eV on black phosphorus, 19 Mo 2 C facilitates a faster transport and higher charge/discharge rate not only for Li but also for other alkali and earth alkali elements. Moreover, the calculated diffusion barriers are smaller than the energy barrier for Li diffusion in commercially used anode materials based on TiO 2 with a barrier of 0.35-0.65 eV (ref. [34] [35] [36] and high-capacity bulk silicon anode materials with a diffusion barrier around 0.57 eV. Similar to other 2D materials, due to their large surface area, Mo 2 C based electrodes are expected to signicantly increase the storage capacity of batteries.
The diffusion coefficient, D, for such a problem can be estimated via the Arrhenius equation,
where E a is the activation energy for diffusion, k B is the Boltzmann constant, and T is the temperature. Therefore, we can roughly estimate the room temperature mobility of metal ions on the Mo 2 C surface by using this simple equation. We nd that the room temperature Li (Na) mobility on Mo 2 C is approximately 3 Â 10 3 (7.6 Â 10 3 ) and 6.6 Â 10 4 (1.7 Â 10 5 ) times faster than that on MoS 2 and graphene, respectively. Until now, we only consider single atom adsorption and diffusion on the Mo 2 C monolayer. To get a more complete picture, we also investigate Li and Na intercalation into bulk Mo 2 C and their diffusion within the material. We calculate the diffusion path and the energy barrier for a vacancy in a 3 Â 3 Â 1 supercell, where all Li/Na atoms only occupy site A as seen in Fig. 6(a) . We should mention that bulk Mo 2 C is not able to store K/Ca as much as Li/Na. Regarding the storage capacity, K and Ca are not appropriate elements for Mo 2 C based battery applications. Therefore, we only focus on Li and Na. Our results indicate that, for a dilute vacancy concentration, the vacancy hops between two neighboring sites (i.e. site A) and the corresponding energy barriers are 0.27 eV for Li and 0.06 eV for Na, see Fig. 6(b) . Consequently, a high-rate capacity is expected for Mo 2 C-based alkali batteries even for bulk Mo 2 C. Note that the lowest energy diffusion barrier prole of a Li/Na ion inside fully loaded bulk Mo 2 C is found to be different from that of an isolated Li/Na ion on the 4 Â 4 supercell structure of Mo 2 C. For the former case, the repulsive interaction originating from the neighboring Li/Na ions signicantly modies the diffusion prole. Therefore, for large concentrations, the diffusion barrier prole depicted in Fig. 6(b) should be expected.
Effect of adsorbent concentration and theoretical voltage profile
The open-circuit-voltage value is a measure of the performance of a battery. Roughly, it can be approximated by calculating the average voltage over a range of metal ion concentrations. The charge/discharge processes of Mo 2 C follow the common halfcell reaction vs. M/M + :
Considering the above reaction, the average voltage of Mo 2 CM x in the concentration range of x 1 # x # x 2 is given by,
where E Mo2CMx 1 , E Mo2CMx 2 and E M are the total energy of Mo 2 CM x 1 , Mo 2 CM x 2 , and metallic M, respectively. In fact, for the calculation of the average voltage, Gibbs free energy (G(x) ¼ DE + PDV À TDS) should be considered. However, PDV is only on the order of 10 À5 eV and the entropy term (TDS) is around 25 meV at room temperature, and hence the rst term (i.e. internal energy change) is sufficient to estimate the average voltage.
37
Before calculating V, we rst study the effect of the metal ion concentration on E bind . We place the metal atoms on site A. Fig. 7(a) shows the variation of E bind as a function of concentration of the metal ions (i.e. x) adsorbed on one side of Mo 2 C. Here, the concentration, x, corresponds to the number of the absorbed atoms per formula unit of Mo 2 C. The rst clear observation is that E bind decreases gradually with the increase of concentration due to the enhanced repulsive interaction between the metal ions and the reduced interaction between the Mo 2 C host and metal ions. The latter is correlated with the reduction of charge transfer from the metal atom to Mo 2 C at high concentrations. Since K and Ca ions have larger ionic radius as compared to Li and Na, an increase in concentration results in a larger enhancement of the repulsive Coulomb interaction that signicantly reduces the binding energy. Aer a critical concentration, this enhanced repulsive interaction makes Mo 2 C-K/Mo 2 C-Ca systems energetically less stable with respect to the Mo 2 C-Li/Mo 2 C-Na systems, see Fig. 7(a) . E bind is always negative for Li and Na, suggesting that the Mo 2 CM complex is stable for these alkali elements, and thus we can safely disregard the phase separation problem at high concentrations. However, E bind becomes positive for K and Ca before x reaches 1. These results demonstrate that Mo 2 C can be utilized as an anode material for high capacity Li/Na ion batteries. In real battery applications, ion adsorption on both sides of Mo 2 C should be expected. Fig. 7(b) shows the results for double-side adsorption. Except Li, double-side adsorption is more stable than single side adsorption for high metal ion concentrations. This is possibly ascribed to the reduction in repulsive interaction between the metal ions. Due to its smallest ionic radius, Li shows little sensitivity to concentration and its binding energy for any concentration remains unchanged upon introducing double side adsorption. In spite of their larger sizes, E bind of K and Ca is also negative in double side adsorption for large x values.
Assuming double side adsorption, Mo 2 CM 2 represents the highest metal ion storage capacity for the Mo 2 C monolayer. A theoretical capacity of 263 mA h g À1 is obtained for Li and Na.
Compared to the MoS 2 monolayer with a capacity of 335 mA h g À1 (ref. 11) and graphite with a capacity of 372 mA h g À1 , 40 the Mo 2 C monolayer provides a lower power density. Although Mo 2 C generally is heavier than most of the 2D materials in terms of atomic weight, its storage capacity may be improved by the help of multilayer adsorption. In a recent study, it was experimentally shown that Nb 2 C based MXenes have higher reversible Li capacities as compared to the Ti-containing ones whereas the former material class is signicantly heavier than the latter. 16 To test the feasibility of multilayer adsorption, we calculate the binding energy for a bilayer (trilayer) Li adsorption on both sides of Mo 2 C. E bind , calculated via eqn (2), is found to be À0.31 (À0.21) eV/Li for bilayer (trilayer). These results suggest that at least two more extra Li layers may be formed before a bulk-like arrangement of Li atoms becomes more favorable. In order to accommodate multilayer adsorption in bulk Mo 2 C, a much larger spacing is needed between Mo 2 C layers. Therefore, we believe that multilayer adsorption is expected to be limited to 2-3 layers of Li per side. For Mo 2 CLi 4 (Mo 2 CLi 6 ), the storage capacity becomes 526 (789) mA h g À1 which is sufficiently large for practical applications.
Another important point is how the stability of Mo 2 C is affected as metal ion coverage increases. We nd that an increase in the number of metal atoms adsorbed on the Mo 2 C monolayer slightly enlarges the Mo-C interatomic bond lengths (at most 0.025Å for Li, Na and K and at most 0.05Å for Ca). In addition, the in-plane lattice constant of Mo 2 C expands at most 2% upon double side adsorption of Li and Na for x ¼ 2. Therefore, we can expect that there will be no bond breaking for Mo 2 C-based Li and Na-ion batteries in contrast to the case of black phosphorus, 19, 41 which ensures a good cycling stability. The lattice expansion is found to be much larger for K and Ca due to their larger ionic radius.
Finally, we calculate the average voltage (V) via eqn (5). The negative value of V for x $ 0.5 V in Fig. 8 5 . Here x ¼ 0.5 corresponds to the maximum achievable x for K and Ca. Therefore, we can expect the formation of metallic K/Ca for concentrations larger than 0.5, which is detrimental for battery applications. However, for Mo 2 CLi x /Mo 2 CNa x , x can be as high as 2. As we increase the Li (Na) concentration from x ¼ 0.5 to x ¼ 2, the open-circuit voltage decreases from 0.68 (0.71) V to 0.65 (0.12) V. The voltage averaged over 0 # x # 2 is 0.68 V for Li and 0.30 V for Na, which is between those of the commercial anode materials, such as $0.2 V for graphite 42 and 1.5-1.8 V for TiO 2 . 43 The potential range of [0.1, 1] V is highly desired for an anode material. Therefore, Mo 2 C-Li and Mo 2 C-Na systems can be utilized for low voltage battery applications.
Conclusion
The calculated strong binding energies and small diffusion barriers indicate that Mo 2 C is an appealing anode material. Mo 2 C is intrinsically stable and is metallic, which is essential for battery applications. Upon adsorption, adatoms donate a signicant amount of charge to Mo 2 C and exist in the cationic state. In spite of their large binding energies, adatoms, especially Li, Na and K, are very mobile on Mo 2 C with diffusion barriers of 43 meV for Li, 19 meV for Na and 15 meV for K. Moreover, we nd that the achievable maximum stable concentration (i.e. x) for the Mo 2 CLi x /Mo 2 CNa x and Mo 2 CK x / Mo 2 CCa x is 2 and 0.5, respectively. The moderate storage capacity can signicantly be improved by multilayer adsorption.
The calculated average voltage of adatom intercalation is 0.68 V for Li and 0.30 V for Na, which is suitable for low charging voltage applications. Its good electrical conductivity, fast ion diffusion, good average open-circuit voltage and theoretical capacity suggest that the Mo 2 C monolayer can be utilized as a promising anode material for Li and Na ion batteries with high power density and fast charge/discharge rates. Compared to commercially available ion batteries, Mo 2 C based Li and Na ion batteries offer much larger energy storage capacities and faster charge/discharge rates.
